Background {#Sec1}
==========

Until recently most studies on spinal muscular atrophy (SMA) focused on the impact of palliative versus more proactive approaches on survival \[[@CR1]--[@CR3]\]. With improved standards of care \[[@CR4], [@CR5]\] and the recent clinical trials, there has been an increasing interest in identifying functional measures that could be used in weak infants, such as the Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) \[[@CR6], [@CR7]\]. Only few studies have reported longitudinal changes using the CHOP INTEND \[[@CR4], [@CR8], [@CR9]\] confirming that decline in motor function is invariably observed in type I infants. Each of these studies has a limited number of patients and it has become important to assess all the available data collected prior to the availability of therapies. This would help to better understand the variability in the natural history (NH) data and to make a comparison with the clinical trials and the 'real world' data that are steadily becoming available following the approval of Nusinersen, and, recently, of Zolgensma in the USA.

The aim of this study was to review and merge all the available data reporting longitudinal changes in the CHOP INTEND scores in type I SMA infants, focusing on those first assessed before the age of 7 months. As this scale has also been used in a large clinical trial with a sham group \[[@CR10]\], which also included infants younger than 7 months of age, we also aimed at establishing how the sham data compared to the ones obtained as part of natural history studies.

Main text {#Sec2}
=========

Search approach {#Sec3}
---------------

A comprehensive search of the following electronic databases was performed: MEDLINE, CINAHL, PsycINFO, and EMBASE.

The primary search terms 'spinal muscular atrophy' was combined with keywords 'infants', 'type I', 'natural history', 'CHOP INTEND'. All electronic searches were limited to the English language and to publication years 2010 to May 2019. Reference lists of relevant articles were searched to identify any other further studies including the selected topics.

Furthermore, we also searched for the current or previous clinical trials in type I SMA, looking for placebo/sham arms using the CHOP INTEND.

To be included, studies had to meet the following inclusion criteria: (1) to include longitudinal data using the CHOP INTEND scale; (2) to include infants assessed below the age of 8 months; (3) to have a genetically proven diagnosis of SMA.

The titles and abstracts of articles were screened by the first authors.

Individual data were extracted and when needed, additional information were requested to the authors of the selected papers.

Data extraction {#Sec4}
---------------

Three longitudinal natural history studies using the CHOP INTEND were identified. Two were performed in the United States by the PNCR network \[[@CR4]\] and the NeuroNEXT network \[[@CR8], [@CR11]\], and the other in Italy from a single center \[[@CR9]\].

The three studies had different designs, but all included type I infants with genetically confirmed diagnosis of SMA assessed with the CHOP INTEND.

The PNCR study was a mixed retrospective and prospective study including 34 patients with type I of age ranging between 5 and 59 months \[[@CR4]\]. Details of the SMN2 copies were only partially available and additional details on SMN2 copies were added as since the publication of the study they had become available. The NeuroNEXT study was a prospective study including 26 infants, all enrolled below the age of 7 months assessed with multiple scales \[[@CR8]\].

The Italian single centre study was also partly retrospective and partly prospective including 37 infants with two copies all first seen below the age of 8 months and 3 patients seen between 8 and 12 months with 3 copies \[[@CR9]\]. Details of the SMN2 copies were only partially available and additional details on SMN2 copies were added as since the publication of the study they had become available.

The following information was collated: patient baseline characteristics and demographics including, when available, Survival of Motor Neuron 2 (*SMN2)* copy number; change from baseline in CHOP INTEND. All data for individual patients from the three natural history studies were available in the papers or were made available on request.

We also identified a clinical trial that used the CHOP INTEND in type I SMA infants enrolled below the age of 7 months with a placebo (sham) arm of 41 patients \[[@CR10]\].

Individual details of all the patients are fully shown in Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}.

Statistical analyses {#Sec5}
--------------------

Simple descriptive analysis was performed. Data were analyzed looking at changes in all the patients reported in the different natural history studies who were first assessed before the age of 7 months and in subgroups of patients with different *SMN2* copy numbers.

A separate analysis was performed in a selected subgroup using similar inclusion criteria to those used in clinical trials, i.e. including all the patients with two *SMN2* copies, but excluding the ones with early neonatal onset (up to 28 days from birth). Multiple polynomial regression was performed to compare the clinical trend in patients divided into three groups according scores at baseline (below 25, between 25 and 35, above 35) and including the age at baseline as predicting values.

Natural history studies {#Sec6}
-----------------------

The PNCR study included 34 type I SMA, of whom 14 classified as 'recent', assessed within 3 months from diagnosis and 20 as 'chronic', examined after 3 months from diagnosis \[[@CR4]\]. Infants with the most severe neonatal form (1.1 or 1A) were not included. Seventeen subjects were evaluated on at least 2 occasions using the CHOP INTEND. In the original dataset 8 of the 17 were first assessed below the age of 7 months. These 8 were included in our analysis. Three infants had 2 *SMN2* copies of, 3 had 3 copies, 1 had 4 *SMN2* copies and in 1 SMN2 copy number was not available.

The NeuroNEXT study was a prospective study including 26 infants with SMA who were enrolled at 6 months of age or younger and followed for the first 2 years of life \[[@CR8]\]. Because of the design of the study, that used the TIMPSI as a screening tool for the choice of assessment, only infants with TIMPSI scores less than 41 were assessed with the CHOP INTEND. This resulted in 12 of the 26 assessed using the CHOP INTEND who also had at least two consecutive assessments. Ten of the 12 had 2 *SMN2* copies and in the remaining two *SMN2* copy number was not available. The Italian single centre study was a partly retrospective and partly prospective study including 22 infants \[[@CR9]\]. Eighteen of the 22 were assessed below the age of 7 months using the CHOP INTEND. Eight of the 18 infants had the severe form with neonatal onset. All infants had two copies of *SMN2*, one had three copies.

Clinical trials {#Sec7}
---------------

Only one published clinical trial using the CHOP INTEND as part of a randomized placebo controlled study was available. The placebo (sham) arm of the ENDEAR study included 41 infants with two *SMN2* copies assessed between the age of 30 and 262 days \[[@CR10]\]. No individual data were available but details of the baseline and of the patients improving one or more points were reported in the paper and in the supplemental material.

Cumulative natural history data {#Sec8}
-------------------------------

The cumulative 'natural history' cohort includes 38 infants with type I SMA infants examined before the age of 7 months, 30 with 2 copies, 4 with 3 copies, 1 with 4 copies. *SMN2* copy number was not determined in 3 infants.

Figure [1](#Fig1){ref-type="fig"} shows the individual details of the 38 infants included. Fig. 1Individual CHOP-INTEND details of the 38 infants included: Figure shows the individual details of the 38 infants included: in green NeuroNEXT (Kolb et al., 2018); in red PNCR (Finkel et al., 2014), in blue Italian group (De Sanctis et al., 2018). Dotted line represent 3 SMN2 copies, black line 4 SMN2 copies

Patients with 2 SMN2 copies {#Sec9}
---------------------------

The 30 patients with two copies were subdivided according to their baseline CHOP INTEND score:

Seventeen had a score below 25 and included all the severe early onset reported in the Italian group and 8 others with similar low scores but first assessed after the first months.

Nine had scores between 25 and 35 and only 4 infants had scores above 35. Only 2 of these 30 patients had a baseline CHOP INTEND score above 40 (both were 42).

Patients with 2 SMN2 copies with neonatal onset {#Sec10}
-----------------------------------------------

The 8 patients with neonatal onset had, with one exception, all scores below 25 and a fast decline. The rate of progression was a decline of a mean of 1.71 points/month.

Patients with 2 SMN2 copies with onset after the neonatal period {#Sec11}
----------------------------------------------------------------

The 22 infants with onset after the neonatal period had a more variable progression (Fig. [2](#Fig2){ref-type="fig"}).

The group with the lowest scores (below 25) (*n* = 8) all showed a fast decline and only two survived beyond 13 months. The rate of progression in the first year after baseline was a decline 1.02 points/month.

The group with scores between 25 and 35 (*n* = 10), also showed a rapid decline with a more variable duration of follow up. The rate of progression in the first year after baseline was a mean decline of 1.28 points/month.

Only 4 infants with 2 SMN2 copies had scores above 35. The rate of progression in the first year after baseline was a mean decline of 1.32 points/month. Age at baseline predicts rate of decline (*p* = 0,020). The difference between the subgroups subdivided according to baseline scores was significant (*p* \< 0.001).

Patients with 3 SMN2 copies {#Sec12}
---------------------------

The 4 patients with three copies are equally distributed in the three groups according to baseline score: one falls into the group with baseline score between 25 and 35, two had a CHOP score at baseline above 35 (one above 40), one below 25. The rate of progression in the first year after baseline was a mean decline of 0,03 points/month.

Patient with 4 SMN2 copies {#Sec13}
--------------------------

The unique patient with 4 copies scored 32 at baseline showing a rate of progression of 3.66 points/month.

ENDEAR sham group {#Sec14}
-----------------

The sham group included 41 infants, all with 2 SMN2 copies, and with onset after neonatal period. Table [1](#Tab1){ref-type="table"} shows details of their demographics. They were all screened between 1 month and 7 months with a first CHOP INTEND performed within 6 weeks. Their CHOP Intend baseline scores were 28.43 ± 7.56 (mean ± SD). Only 2 had scores above 40.

Natural history versus sham group {#Sec15}
---------------------------------

Table [1](#Tab1){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"} show details of the demographics of the sham group and of the subgroup of NH infants selected according to the same inclusion criteria used in the comparison clinical trial. A t-test of the mean CHOP INTEND scores at baseline showed no difference between the two cohorts T = 0.67 *p* \> 0.05. An increase of at least 1 point was found in none of the 22 NH patients and in one of the 37 in the control group of the ENDEAR study (3%). Table 1demographics details of the sham group and of NH infants subgroupNH DATAPLACEBO**Number of patients***(n)*2241**Age at baseline***Mean (days)*154181*Range (days)*30--21030--262**CHOP INTEND scores***(mean + SD)*27.36 + 8,5428.42 + 7.56**CHOP INTEND \< 20***n/tot (%)*4/22 (18%)4/41 (10%)**CHOP INTEND 20--40***n/tot (%)*16/22 (73%)34/41 (83%)**CHOP INTEND \> 40***n/tot (%)*2/22 (9%)3/41 (7%)Fig. 2Details of NH patients selected by ENDEAR criteria: Figure shows CHOP-INTEND scores by age of NH patients with 2 SMN2 copies with onset after the neonatal period. \[•\] represent patient with CHOP-INTEND baseline scores above 25; \[•\] represent those with baseline score between 25 and 35; \[•\] represent those with baseline score below 35. The interpolation line represents the CHOP-INTEND progression subdivided by baseline score (---) if above 35; (---) if between 25 and 35; (\--) if below 25

Conclusions {#Sec16}
===========

Only few studies have reported longitudinal natural history data in type I SMA using structured functional assessments. Only one study used the HINE-2 (Hammersmith infant neurological examination -- section 2) showing a decline in the developmental aspects explored by the scale. Another study showed the TIMPSI but in a restricted number of patients, also showing a progressive decline.

Most of the studies have used the CHOP INTEND scale \[[@CR4], [@CR8], [@CR9]\]. These studies described for the first time the range of changes, suggesting some variability in the results that were possibly related to a number of factors, including baseline values, age, duration of symptoms, and the severity of the phenotype with associated respiratory and feeding comorbidities. The first study reporting longitudinal assessments highlighted how the changes differed according to the age at which the infants were assessed \[[@CR4]\]. Those assessed within a few months after diagnosis generally have relatively higher scores and a faster decline than those assessed after a few months, when less functional abilities are generally present and there is a slower decline as there are fewer points to lose on the scale. The faster decline in younger infants has also been confirmed by subsequent studies \[[@CR8], [@CR9]\]. While each of the previous studies has strongly contributed to our understanding of the progression of the disease, they all had different study design and inclusion criteria and the possibility to compare data was limited because of differences in the cohorts studied.

In the present study, we included all the published studies and all the patients longitudinally assessed using the CHOP INTEND by the age of 7 months. The advantage of combining data form different papers with different inclusion/exclusion criteria allowed to overcome some possible bias related to the criteria used in individual studies, such as exlusion of patients with neonatal onset \[[@CR4]\] or TIMPSI scores above 41 \[[@CR8]\], allowing to have an overall final cohort with a larger spectrum of type I patients than those reported in individual studies.

Furthermore, the possibility to retrieve additional information from the original SMA datasets was useful in order to obtain more homogenous data and thus to conduct further analysis in a larger cohort and to better define possible trajectories. Additional individual details included age at baseline, that was not always available in the original papers, or other information, such as *SMN2* copy numbers that that were only partially available at the time of publication in the PNCR and in the Italian study. These details also allowed to better stratify the cohort according to copy number and to apply the same inclusion criteria used in the published clinical trial for a more appropriate comparison with the sham group. When the results of the three studies were combined using similar criteria, it was obvious that, even if collected in different countries, there were no obvious differences among the datasets, this probably reflecting that all the participating centers followed similar international standards of care \[[@CR12], [@CR13]\].

The different study design of the three studies made it possible for the cumulative dataset to include also infants with neonatal onset and those with a milder phenotype that were not always included in the individual studies. Our cumulative analysis confirmed that, even in a larger cohort, there was never a sustained improvement of the CHOP INTEND scores over time. This was true for all the infants, irrespective of their age or baseline CHOP INTEND scores. We were, however, able to observe variability in the progression of the disease, with infants with neonatal onset all having a low CHOP INTEND score and a more rapid and sharper decline than those with onset after the neonatal period.

In those with onset after the neonatal period and with 2 *SMN2* copies, the progression showed some variability with patients with higher baseline CHOP INTEND scores losing more points/ month than those with a lower baseline score. This probably reflects the fact that patients with higher scores had achieved more activities that were then progressively lost, i.e. they had more to lose. A baseline CHOP INTEND score greater than 40 points was found only in 2/22 NH infants and in 2/41 in the Sham cohort. This observation supports the recent opinion that an improvement up to and above 40 points is very uncommon in SMA type I infants with 2 copies of SMN2 and would indicate a favorable treatment effect beyond what has been observed in untreated patients.

Only four infants had 3 copies and appeared to have a less rapid decline but these results are limited as the majority of the patients who had 3 copies in the original papers were often first assessed after 7 months and were therefore not included in this study. These observations support the current thinking that clinical trials for SMA type I should be limited to participant with 2 copies of *SMN2* or to include those with 3 copies in a separate cohort.

Although individual longitudinal changes were not available in the original publication reporting the results of the ENDEAR clinical trial, we were able to demonstrate that, when using similar inclusion criteria, the baseline CHOP INTEND scores were similar. Furthermore, the comparison also suggests that in type I infants there is no obvious evidence of a sustained placebo effect over the duration of the trial as the number of responders in the placebo arm and in the NH group was similar. In the placebo group of the ENDEAR study an increase of at least 1 point was observed in only one patient (3%) and in none of the NH patients with similar inclusion criteria. Even when we examined the whole cohort of NH infants, an increase of more than one point was only found in one of the 38 NH infants. This finding is apparently in contrast with previous observations in other diseases suggesting that placebo groups may show a different disease progression compared to NH both for a possible "placebo effect" and for a likely difference in standard of care when entering a clinical trial. The lack of obvious placebo effect is probably partly justified by the fact that in all three NH studies the patients were followed in tertiary care centers with full adherence to the updated standards of care recommendations and data were collected by trained observers who followed a trial-like protocol including reliability training sessions \[[@CR14]\]. These findings strengthen what has been recently discussed in international forums - including scientists, advocacy groups and regulators - that in a severely progressive disease such as type I SMA, there is no need for placebo arms in future clinical trials \[[@CR15]\].

Unfortunately, as only the PNCR study also included infants first assessed after 7 months, additional data in this age group would help to better understand the changes observed in treated patients outside the age range used in clinical trials that so far have shown promising results \[[@CR16]--[@CR18]\]. Our cumulative results confirm that, even when a larger cohort of type I infants is included, there is never a consistent functional improvement in type I SMA infants that, in contrast, is frequently observed in treated patients in different published or ongoing clinical studies \[[@CR10], [@CR19], [@CR20]\] or in recent real world data \[[@CR17], [@CR18]\] following the administration of commercially available drugs. The CHOP INTEND baseline scores can help to predict of the trajectories of progression. Patients with scores less than 25 showed the most rapid decline, those with scores above 35 the slowest and those between 25 and 35 an intermediate progression. The difference between the 3 subgroups was significant (*p* \< .001).

While we acknowledge that the number of natural history patients reported in each study are relatively few, our cumulative dataset is the largest dataset available and will provide an important reference for the interpretation of new real-world data from treated patients that is proving to be challenging \[[@CR21]\]. This appears to be particularly important as the possibility of collecting new systematic longitudinal natural history data in untreated patients is strongly reduced by the fact that currently most of the new diagnosed infants are immediately treated with the commercially available drugs or are enrolled in clinical trials.

SMA

:   Spinal muscular atrophy

CHOP INTEND

:   Children's Hospital of Philadelphia Infant Test of Neuromuscular Disorders

SMN2

:   Survival of motor neuron 2

PNCR

:   Pediatric neuromuscular clinical research

NH

:   Natural history

**Publisher's Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Not applicable.

EM: Conceptualization, Formal Analysis, Funding Acquisition, Investigation, Methodology, Project Administration, Supervision, Visualization, Writing -- Original Draft Preparation. SL, MP: Data Curation, Formal Analysis, Investigation. GC: Data Curation, Formal Analysis, Methodology. RDS: Data Curation. MCO, MP: Data Curation, Methodology**,** Investigation. JM, DCDV, BTD, SJK: Data Curation, Methodology**,** Investigation. RSF: Data Curation, Methodology**,** Investigation, Formal Analysis, Visualization. The authors read and approved the final manuscript.

GSP 13002 (Famiglie SMA/Telethon).

The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.

The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable request.

Approval to conduct this study was received by the ethical committees of the participating centres.

Not applicable.

Eugenio Mercuri has received funding as a member of advisory boards for SMA studies for AveXis, Biogen, Ionis Pharmaceuticals, Inc., Novartis, Scholar Rock  and Roche; principal investigator for ongoing Ionis Pharmaceuticals, Inc./Biogen, Avexis and Roche clinical trials; funding from Famiglie SMA Italy, Italian Telethon, Biogen and SMA Europe.

Dr. Giorgia Coratti received funding from Biogen, Roche, Avexis and Genesis Pharma as speaker in sponsored symposia.

Dr. Roberto de Sanctis received funding from Biogen and Avexis as speaker in sponsored symposia.

Dr. Maria Carmela Pera received funding from Roche as speaker in sponsored symposia.

Dr. Marika Pane received funding as a member of advisory boards from Biogen and Avexis and as speaker in sponsored symposia.

Dr. Jacqueline Montes receives support from the Eunice Kennedy Shriver National Institute for Child Health and Human Development (NICHD) 1K01HD084690-01A1 and reports serving as a consultant for Ionis pharmaceuticals and Biogen, and serves on advisory boards for Roche Pharmaceuticals and Biogen.

Dr. Darryl C. de Vivo has received personal compensation for activities with AveXis, Biogen, Roche, IONIS, Sarepta, Cytokinetics Pharmaceuticals, and the SMA Foundation and has received research support from NIH, DOD, SMA Foundation, and Hope for Children Research Foundation.

Dr. Basil T. Darras has been a scientific advisory board consultant for AveXis, Biogen, Cytokinetics, Marathon, PTC, Roche, and Sarepta; advisor for Ionis Pharmaceuticals, Inc.; research support from the National Institutes of Health/National Institute of Neurological Disorders and Stroke, the Slaney Family Fund for SMA, and the SMA Foundation; grants from Ionis Pharmaceuticals, Inc., Biogen, Cytokinetics, Fibrogen, PTC, Sarepta, and Summit.

Dr. Stephen J. Kolb has been a scientific advisory board consultant for AveXis, Genentech and Biogen.

Dr. Richard S. Finkel Richard Finkel has received personal compensation for activities with Ionis Pharmaceuticals, Biogen, AveXis, Capricor, Catabasis, Lilly, Roche, Novartis; and the SMA Foundation, SMA Europe and Cure SMA as a consultant or advisor. Dr. Finkel has received research support from Ionis Pharmaceuticals, Biogen, Lilly, Cytokinetics Sarepta, NIH, MDA, and Summit.

Dr. Simona Lucibello, Dr. Marco Perulli have nothing to disclose.
